Uropathogenic Escherichia coli is the leading cause of urinary tract infection and hospital visits in North America. Cystitis and acute pyelonephritis, infection of the bladder and kidney, respectively, are the two most common syndromes encountered in patients with urinary tract infection. We sequenced and annotated 71,684 bases of a previously unidentified pathogenicity-associated island (PAI) from E. coli strain CFT073. This PAI contained 89 open-reading frames encoding a pap operon, iron-regulated genes, mobile genetic elements, and a large proportion of unknown or unidentified open-reading frames. Dot blot analysis with 11 DNA sequences from this PAI demonstrated that 7 sequences were more prevalent among uropathogens: 2 probes were more prevalent among cystitis and pyelonephritis isolates, 2 among pyelonephritis isolates only, and 3 among cystitis isolates only than among fecal isolates. These data suggest that groups of uropathogens have genetic differences that may be responsible for the different clinical outcomes.
cause cystitis on reinfection. In addition, a study by Guyer et al. [7] showed a significant prevalence of virulence genes among uropathogenic isolates, compared with fecal isolates, but found no significant difference between the groups of uropathogenic isolates. On the other hand, there is evidence that cystitis and pyelonephritis isolates are genetically distinct. Sandberg et al. [8] demonstrated differences between cystitis and pyelonephritis isolates based on O, K, and H antigens. Cystitis isolates are also less likely than pyelonephritis isolates to be P-fimbriated, express hemolysin, hemagglutinate in a mannose-resistant manner, and adhere in high numbers to uroepithelial cells [6, 8, 9] . Also, PapG, the adhesin of the P-fimbria, has been demonstrated by Stromberg et al. [10] to exhibit allelic variation. This allelic variation results in altered binding capacities of these structures but does not completely explain the difference in localization of infection.
Blum et al. [11] were the first to identify a block of DNA from uropathogenic E. coli 536 that contained virulence-associated genes and coined the phrase "pathogenicity-associated islands" (PAIs). A PAI can be defined by a size of 130 kb, the presence of transposase and/or insertion sequences, GϩC content that is lower than that of the host strain, and the presence of genes associated with virulent isolates [12] . Multiple PAIs, ranging in size from ∼25 to 190 kb, have been described in 3 strains of uropathogenic E. coli: 536, J96, and CFT073 [13] . Many other pathogens, including enteropathogenic, enterohemorrhagic, or meningitis-associated E. coli, Salmonella and Shigella species, and Citrobacter freundii, Helicobacter pylori, and Yersinia pestis, have also been demonstrated to contain PAIs [14, 15] . In all cases, the pathogens contained clusters of virulence genes not found in the less virulent or nonvirulent strains of the same species. Our laboratory has previously identified and characterized a PAI of 57,988 bases in uropathogenic E. coli strain CFT073 that included the virulence genes encoding hemolysin (hly) and pyelonephritis-associated pili (pap) [7, 16] . In this study, we describe the genes that are contained on a second PAI in strain CFT073 (Pai II CFT073 ) and investigate the prevalence of these genes among populations of E. coli isolates.
Materials and Methods
Bacterial strains and media. Three collections of E. coli strains were established from humans with appropriate clinical syndromes [7] . The first group consisted of 67 E. coli isolates from the urine and/or blood of patients (43 women and 24 men) who were admitted to the University of Maryland Medical System with acute pyelonephritis (bacteriuria 110 5 cfu/mL, pyuria, fever, and no other source of infection). The second E. coli collection consisted of 20 isolates obtained from persons who exhibited positive symptoms of cystitis but not pyelonephritis, and the third collection consisted of 27 E. coli strains from the feces of healthy women (20-50 years old) who had not had a symptomatic UTI or known bacteriuria with the previous 6 months and who had not experienced diarrhea or received antibiotics within the preceding 1 month.
E. coli CFT073 was isolated from the blood of a woman treated at the University of Maryland Medical System for acute pyelonephritis [17] . The genotype of this isolate is hly ϩ , pap ϩ , sfa ϩ , and pil ϩ and has been shown to be highly virulent in the CBA mouse model of ascending UTI [17] . This isolate is cytotoxic to cultured human renal proximal tubular epithelial cells [17] and secretes an autotransported toxin, Sat [18] .
E. coli DH5a-and Top10-competent cells (C4040-50; Invitrogen) were used as recipients for transformation. All strains were grown on Luria broth or agar media supplemented with ampicillin (100 mg/mL) or kanamycin (50 mg/mL) when necessary.
Identification of PAI-containing cosmid clones. It was demonstrated elsewhere that strain CFT073 contained 2 separate, complete, functional pap operons [19] . Southern blot was used to screen a cosmid library of strain CFT073 for the pap genes. The cosmid, 4-11b, found to contain the pap operon was subcloned into pBluescript and was prepared for sequencing by isolation by means of QIAGEN plasmid midi kit preparation methods (QGN-12145; QIAGEN). After the initially identified cosmid clone, 4-11b, was sequenced, the flanking cosmid clones, 16-10f, 15-3g, and 14-6c, were identified by Southern blot analysis with probes derived from the terminal portions of the initially identified cosmid. These clones were also subcloned into pBluescript and were sequenced and compiled into the sequence presented in this work.
Nucleotide sequencing and analysis. Double-stranded DNA was used as a template for sequencing by the dideoxy-chain termination method. The reactions were run with reagents from the Prism Ready Reaction Dye Deoxy Termination Kit (Applied Biosystems) on a model 373A DNA sequencer (University of Maryland School of Medicine Biopolymer Facility). GenePro (Riverside Scientific, version 5.0) software was used for analysis of the DNA sequence, identification of open-reading frames (ORFs) and restriction sites, and other analyses. Homologies of ORFs 170 aa were assigned by use of the National Center for Biotechnology Information Blast 2.0 program (available at http://www.ncbi.nlm .nih.gov/BLAST/). ORFs were assigned homology according to the methodology set forth by Blattner et al. [20] . In brief, an ORF is considered to be homologous if there is 30% amino acid identity over 60% of both proteins being compared; exceptions were made when 2 small adjoining ORFs contained homology to a single larger ORF, to compensate for potential frameshift mutations or sequencing errors. The "unknown" designation was assigned if none of these criteria were met.
DNA probes and dot blot hybridization. DNA restriction fragments isolated from cosmids or cosmid subclones were used as gene probes to determine whether homologous sequences were present in the DNA of E. coli isolated from patients with pyelonephritis or cystitis or from the feces of healthy women. Probes were selected on the basis that they were exclusive to Pai II CFT073 , spread across Pai II CFT073 , and not homologous to probes used in a previous study [7] . Probes were purified with the QIAquick gel extraction kit (QGN-28706; QIAGEN). The fragments were labeled by use of the ECL direct nucleic acid labeling kit (RPN3005; Amersham Pharmacia Biotech). Dot blot analysis was done on isolates from the 3 study groups, as described by Guyer et al. [7] . In brief, strains to be probed were cultured in a 96-well microtiter plate and were lysed with a solution of 0.6 M NaCl, 0.2 M NaOH, and 0.08% SDS. A sample (25 mL) of each of the lysed bacterial cultures was placed on a Hybond Nϩ nylon membrane (RPN303B; Amersham Pharmacia Biotech). E. coli CFT073 and DH5a were added to each composite blot as positive and negative controls, respectively. The blot then was washed with 2ϫ standard saline citrate [21] and was probed with the DNA sequences described above.
Statistical analysis. x 2 tests were used to compare the data obtained from the hybridization of DNA probes to the study isolates.
is considered to be significant. P ! .05
Results
Identification of a second PAI of strain CFT073. Previous studies have shown that strain CFT073 contained 2 functional pap operons that could be distinguished by their restriction patterns and electrophoretic mobility of their PapA subunits [19] . The first PAI identified in strain CFT073 contained 1 of the 2 pap operons [7, 16] . To determine whether the second pap operon is located on a PAI, we sequenced the cosmid clone, 4-11b, which contains the second pap operon, and its flanking clones, 16-10f, 15-3g, and 14-6c.
Overall, we sequenced 71,684 bp but did not reach any typical insertion point for a PAI. Annotation of the sequence obtained from the cosmid clones allowed us to identify Pai II CFT073 and investigate the genes carried by these sequences. The sequenced portion of Pai II CFT073 has a GϩC content of 48.8%, which is lower than the 50.8% exhibited by the E. coli K12 genome [20] . We have identified 3 ORFs that are almost identical to E. coli K12 ORFs in the middle of the Pai II CFT073 sequences and appear to be an operon responsible for lysine hydrolysis and metabolism ( figure 1 and table 1 ; ORFs 49-51) [20] . Interestingly, ORF 49, the cadA gene ( figure 1 and table 1 ) is the same gene found upstream of a PAI in E. coli J96 [22] . A portion of the PheR-tRNA sequence is present between ORFs 51 and 52 (fig- ure 1 and table 1; Pai II CFT073 nt 41,571-42,352 correspond to nt 1015-235 of the pheR sequence; GenBank accession no. M58025). A similar sequence was found at the left junction of Pai II J96 , indicating that this may be a "hot spot" of recombination [22] . The GϩC concentration of Pai II CFT073 varies on either side of these 3 genes; the "right-hand side" (ORFs 1-48) of the PAI has a GϩC content of 50.2%, whereas the "lefthand side" (ORFs 52-89) has 47.6%. It is possible that there are 2 separate PAIs that have inserted on either side of these metabolic genes. The 89 identified ORFs are separated into 6 groups and are discussed below (figure 1 and tables 1 and 2).
P-fimbrial gene cluster (pap). Mobley et al. [19] have previously demonstrated that the two pap operons were independent, each having a different DNA restriction profile. Independent mutation of either pap operon did not affect the aGal(1-4)bGal latex bead agglutination, a phenotype of these fimbriae. Mutation of both operons, however, did result in a loss of this phenotype. When cloned and expressed in E. coli DH5a, each pap operon can synthesize a functional P-fimbria [19] . On comparison of the 2 CFT073 pap operons, some significant differences are apparent (figure 2). The first and most obvious difference is the lack of the additional gene, papX, in Pai II CFT073 . The papX gene product has no described function in E. coli to date. A high level of identity, 195%, exists between most of the gene products encoded by these 2 operons (figure 2). In some other sequenced pap operons, the major structural subunit of the fimbriae, PapA, and the adhesin subunit, PapG, demonstrate a lower level of identity with their counterparts in Pai I CFT073 (figure 2). Allelic variation is responsible for the differences observed in these gene products. Pai II CFT073 PapC and PapF are translated as 2 separate ORFs, but the identity of these 2 ORFs to the original single ORF indicates that this may be due to a microsequencing error. PapE also demonstrates a low level of homology because of an apparent frameshift mutation that prematurely terminates the coding region of the gene in Pai II CFT073 .
Homologues of ORFs within Pai I CFT073 . Three ORFs are present in both PAIs described thus far in strain CFT073. One gene of note, R4, was previously designated an iron-regulated gene (table 1; ORF 48) [7] ; however, the function of the product has been recently redesignated as an adhesin [23, 24] . Interestingly, when a probe containing this gene sequence was used, there was no significant difference in the frequency of hybridization between the different groups of pathogenic or nonpathogenic isolates. Also, 2 homologues of R6, encoding a putative transposase, and 1 copy of R13, an ORF with no identified function, are present in Pai II CFT073 (ORFs 9, 53, and 72, respectively; table 1).
Transposons and insertion sequences. Of all ORFs, the greatest percentage are insertion sequences and transposases with 28.1% (table 2). The prevalence of mobile genetic elements among the Pai II CFT073 sequences indicates that the PAI may be genetically unstable, as are many PAIs [25] . One of the cosmid clones containing portions of the Pai II CFT073 DNA was demonstrated to be unstable by restriction analysis (data not shown). A contiguous group of 4 genes composing the IS2 transposon are located on the DNA of this cosmid and may be responsible for the changes observed. There are also a number of other transposase and recombinase homologues, from multiple species, throughout the sequenced DNA that may decrease the stability of the cosmid clones and ultimately Pai II CFT073 .
Iron-regulated ORFs. Seven ORFs are homologous to ORFs involved in the acquisition of iron or controlled by iron concentration. Five ORFs appear to form an operon for the acquisition of iron (ORFs 34-38) from the environment. The other 2 ORFs are an R4 homologue (a putative adhesin, ORF 48) and irgA (a virulence gene with no defined function, ORF 70).
Unidentified proteins. During annotation, it became apparent that a number of ORF clusters, previously identified in other genomes, with no described function were also grouped together in Pai II CFT073 . There are 3 such groups of these ORFs in similar order to their previous identification. The region homologous to the PROA-PERA intergenic region contains 4 genes (ORFs 14, 17-19), 6 ORFs demonstrate homology to ORFs from the FLU-SMBC intergenic region (ORFs 10-13 and 59-60), and 10 bacteriophage gene homologues from the locus of enterocyte effacement region of enteropathogenic E. coli are identified (ORFs 1-3, 7-8, 52, 54-57). To date many of these gene products have no identified functions. [20, [26] [27] [28] . It is interesting to note that many of the unidentified ORFs occur in the first half of the identified PAI sequence, which has a GϩC content more similar to that of E. coli K12. Of the first 45 ORFs identified, 15 have no identified homologue, whereas only 6 of the final 44 ORFs have no identified homologue.
Identification of uropathogen-specific DNA sequences. One of the hallmarks of PAIs is that their sequences are found in pathogenic strains more frequently than in nonpathogenic strains. Therefore, the sequences of Pai II CFT073 were used to probe collections of E. coli isolates obtained from persons who presented clinically with pyelonephritis or cystitis or E. coli obtained from feces. We selected 11 probes from locations throughout the length of Pai II CFT073 (figure 1). These probes were exclusive to this PAI and were not homologous to the DNA sequences from Pai I CFT073 previously used as genetic probes [7, 16] .
When the different populations were probed, a statistical difference was found for the prevalence of some probes within strain groups (table 3) . Three probes, A, E, and J, demonstrated no statistical difference between the populations of uropathogens and fecal isolates ( ). Only probe I was decreased P 1 .05 in prevalence, as it was found less frequently among cystitis isolates than among either fecal or pyelonephritis isolates ( and , respectively). Two probes, C and K, P p .034 P p .022 were more prevalent among both groups of uropathogens than among fecal isolates (probe C, pyelonephritis vs. fecal, P ! , cystitis vs. fecal, ; probe K, pyelonephritis vs. .001 P p .009 fecal, , cystitis vs. fecal, ). Two probes, B and P p .037 P p .007 H, were statistically more prevalent among pyelonephritis isolates than among fecal isolates (probe B,
; probe H, P p .011 ) but the same was not true for cystitis isolates. Three P p .044 probes, D, F, and G, showed statistically significant increased prevalence among cystitis isolates ( , , and P p .001 P p .009 , respectively). Probe G also was statistically signifi-P ! .001 cantly more prevalent among pyelonephritis isolates than among fecal isolates ( ). A further comparison of probe P p .009 G between pyelonephritis and cystitis isolates revealed statistically more prevalence among cystitis isolates ( ), and P p .036 we therefore designate this sequence as cystitis-associated.
Discussion
The DNA encoding the 171-kb portion of Pai II CFT073 has a GϩC content of 48.8%, lower than the 50.8% present in the E. coli K12 genome [20] . The GϩC content is closer to that of K12 than that of Pai I CFT073 [7] , indicating either that Pai II CFT073 was acquired earlier and the GϩC content altered over time to be closer to E. coli K12 or that the Pai sequences may have been acquired from an organism that contained a GϩC content similar to that of E. coli K12. In fact, Pai II CFT073 may actually be 2 PAIs that have inserted into the chromosome on either side of the lysine metabolic gene cluster (ORFs 49-51). Two pieces of evidence indicate this: the GϩC content of the PAI varies greatly on either side of this operon, and a portion of the PheR-tRNA accompanies the cluster of E. coli K12 genes (between ORFs 51 and 52; figure 1 and table 1) . Swenson et al. [22] noted that a truncation of the same tRNA sequence was present at the left junction of the Pai II J96 , and a functional tRNA was present at the right junction. This may be the case with Pai II CFT073 , but because the right junction of Pai II CFT073 was not located, we cannot speculate on the presence or absence of the functional tRNA. The most readily identifiable virulence factor contained on Pai II CFT073 is the operon responsible for the production of Pfimbriae. Mobley et al. [19] previously demonstrated that strain CFT073 contained 2 independent, functional pap operons. Each of these operons could be mutated independently without a loss of phenotype, but inactivation of both operons abolished the P-fimbria-mediated aGal(1-4)bGal binding. We used the presence of a second pap operon to identify the cosmids containing the second PAI presented in this study. Other uropathogenic E. coli isolates contain redundant copies of the pap operon, which suggests that the fimbria contributes to the colonization of the urinary tract and survival of the organism [29] . Wullt et al. [30] have recently demonstrated that E. coli lacking P-fimbriae are not as efficient as the wild-type organisms at colonizing the human urinary tract.
These 2 similar operons differ significantly at the key genes, papA and papG, encoding the major pilin subunit and the adhesin subunit, respectively. Other pap operons also exhibit variation among these same genes [29] . The ability to express a different pilin subunit, PapA, would provide the possibility of an antigenically distinct pilus [31] . The expression of the different pilus subunit types by strain CFT073 has not been investigated to date and may provide this isolate with the possibility to evade the immune response or express a pilus with a specific function during infection. PapG, the adhesin subunit, is responsible for the pilus-binding specificity [10] . The PapG protein from Pai II CFT073 is a PapG II allele, more commonly associated with pyelonephritis isolates, whereas the PapG of Pai I CFT073 is a PapG III allele, more common to cystitis isolates [10] . The possible expression of 2 adhesin subunits would potentially allow binding of strain CFT073 to distinct areas of the urinary tract or different cells types during infection. Another possible advantage of strain CFT073 containing 2 Pfimbrial operons is that a gene product, PapB, has been demonstrated to decrease the expression of the type 1 fimbriae that is required for infection [32] . Multiple copies of papB may result in higher levels of PapB, thus decreasing the expression of type 1 fimbriae. Recently, Gunther et al. [33] demonstrated that the level of expression of the type 1 fimbriae at 24 h during mouse model infection could be used to differentiate pyelonephritis and cystitis isolates. A decrease in type 1 expression at 24 h after infection was indicative of pyelonephritis isolates. This decrease in type 1 expression may be a result of increased PapB levels, but this has not yet been demonstrated.
The other major difference between the pap operons of Pai I CFT073 and Pai II CFT073 is the absence of the papX gene at the end of the Pai II CFT073 pap operon (figure 2). The papX gene has the highest degree of homology with the Mar family of transcriptional regulators [34] . In E. coli J96, the papX gene was present with both pap operons [29] . In 1 J96 pap operon, the papX gene was located just 13 nt downstream of the termination of the papG gene, whereas, in the other J96 pap operon, the gene was located 12000 bases downstream [29] . The Pai II CFT073 pap operon orientation indicates that the papX gene should be within the 71-kb sequenced area, and because it is not present, we assume that this operon lacks this gene. Gene inactivation of papX revealed no obvious phenotype in E. coli [29] . A recent study by Li et al. [35] has shown that CFT073 PapX is functionally homologous to MrpJ, encoded by the Proteus mirabilis mannose-resistant/Proteus-like (mrp) fimbriae operon. In P. mirabilis, MrpJ coordinates the expression of flagella and fimbriae during swarming motility via an unknown mechanism. The control of flagella by PapX in E. coli has yet to be demonstrated.
The identification of another PAI in a uropathogenic E. coli is indicative of the specialized niche that these organisms fill, as well as the genetic diversity of this group. In this work, we have identified regions of DNA containing ORFs that are associated with isolates from patients with pyelonephritis, cystitis, or both uropathogens. This leads to an interesting concept of the evolution of E. coli as a uropathogen, and the question becomes whether a pyelonephritis isolate is a more virulent cystitis isolate or whether they are 2 separate specialized pathogens that have evolved to infect different areas of the human urinary tract. Twenty-one of the 89 ORFs identified in this PAI segment have no homologue and another 20 ORFs are homologues to ORFs that have no identified function or are designated intergenic regions (table 2) . Thus, 46% of the ORFs identified have no known function and may play some role in pathogenesis.
We have identified genetic differences that may be responsible for the difference in the pathogenic potential of pyelonephritis and cystitis isolates. Only one of the probed DNA sequences, probe I (ORF 69), was underrepresented among the pathogenic isolates, and, in this case, the deviation was evident only among the cystitis isolates (table 3) . This implies that the probe-encoded gene product is detrimental during bladder infection but is of no consequence in kidney infection by pyelonephritis isolates. The 2 probes that were associated with both groups of uropathogens encoded an iron siderophore receptor and a transposase. The acquisition of iron has been shown previously to be essential for full virulence of some pathogens [36] and has recently been shown to be a signal for recombination in Neisseria gonorrhoeae [37] . Many other PAIs also contain iron acquisition systems [15, 38] . The presence of a mobile genetic element, such as a transposase, in a PAI would allow for horizontal gene transfer of the PAI sequences.
Three probes are specific for cystitis isolates and encode an unidentified ORF, a transposase-associated homologue, and a ferric ATP-binding homologue (table 3) . The significance of the ferric ATP-binding homologue and a transposase being associated with pathogens was discussed above. The identification of a hypothetical ORF that is more prevalent among pathogenic isolates provides an opportunity to examine the function of the protein encoded by this ORF, which is associated with survival in the bladder. The product encoded by this ORF appears to be beneficial for the progression of both forms of UTIs. Both pyelonephritis and cystitis isolates exhibit a significantly greater prevalence of the probe sequence than do fecal isolates ( and , respectively). The presence of the gene P p .009 P ! .001 is also more strongly correlated with survival in the bladder, because there is a statistically significant difference in the presence of this sequence among cystitis isolates, compared with pyelonephritis isolates ( ). The identity of the gene P p .036 product will allow for the investigation of proteins that are essential for cystitis and provide an opportunity to develop therapeutics.
Two probes are specific for pyelonephritis isolates, and both contain genes that encode ORFs of unknown function or have no homologue. These genes and gene products are interesting, because the identification of genes associated with pyelonephritic organisms may allow for the development of treatments based on these differences. These genes may contain products that could be specifically targeted by therapeutics, resulting in a decrease in the number of infections that progress to pyelonephritis. It will be important to develop the therapeutics against both cystitis and pyelonephritis isolates, because our data demonstrate that they each contain genetically distinct elements that may contribute to their pathogenicity.
Taken together, these data indicate that there are genetic differences that can potentially distinguish and determine which isolates have the potential to cause cystitis or pyelonephritis, although we cannot rule out the possibility that there are functional homologues that were not identified by the DNA hybridization techniques used in this study. The progression of UTI from bladder to kidneys implies that the pyelonephritic organisms must make at least a transient passage through the bladder to reach the kidneys. We assume that pyelonephritis isolates will have genes that are specific for infection of the kidney and survival in the bladder and urine but not necessarily all of the genes required for cystitis. The E. coli strain CFT073 was isolated as a pyelonephritis isolate but also contains genes that are specific for cystitis isolates. E. coli strain CFT073 is one of the most virulent uropathogens studied in our laboratory, and the presence of pyelonephritis, as well as cystitis, gene sequences on its PAI indicates that it can cause disease at either site. Thus, we have identified isolates through this study that contain cystitis-specific sequences, pyelonephritis-specific sequences, and general uropathogen-specific sequences, as well as isolates, such as CFT073, that appear to contain all of these sequences and thus may be the progenitors of these uropathogens.
In this study, we have identified 89 CFT073 ORFs that constitute a portion of Pai II CFT073 , which most likely plays a role in the pathogenicity of this organism in the urinary tract. Functional analyses of the encoded gene products, especially the ones specific to pyelonephritis and/or cystitis isolates, may reveal their role in pathogenesis. The completion of the genome sequence of this organism will provide many more insights into the pathogenicity of this organism.
